N itrogen fertilizer is a high-cost input for maize production that is diffi cult to manage because efficient crop accumulation and utilization is dependent on agronomic, genetic, biological, and environmental factors. Within the wide spectrum of N fertilizer management decisions, a key interest has been improving the effi ciency with which N fertilizers are used by optimizing N rate and the timing of N application. One way to pursue increased N fertilizer effi ciency may be with the use of late-season, split N applications instead of the more common practice of N application near or shortly aft er planting (Scharf et al., 2002) . Reasons that can motivate implementing late-season N applications include reducing work load during planting season, avoiding the frequently wet spring soil conditions, and allowing in-season assessment of N fertilizer needs (Scharf et al., 2002) . Once N is applied to the soil it is vulnerable to losses from denitrifi cation and leaching, as well as volatilization and surface run-off if not injected (Raun and Johnson, 1999) . When considering the potential benefi ts of late-season N applications, of prime interest are how the timing of N application impacts post-silking nitrogen accumulation (PostN), and the relationships between PostN and grain yield.
N itrogen fertilizer is a high-cost input for maize production that is diffi cult to manage because efficient crop accumulation and utilization is dependent on agronomic, genetic, biological, and environmental factors. Within the wide spectrum of N fertilizer management decisions, a key interest has been improving the effi ciency with which N fertilizers are used by optimizing N rate and the timing of N application. One way to pursue increased N fertilizer effi ciency may be with the use of late-season, split N applications instead of the more common practice of N application near or shortly aft er planting (Scharf et al., 2002) . Reasons that can motivate implementing late-season N applications include reducing work load during planting season, avoiding the frequently wet spring soil conditions, and allowing in-season assessment of N fertilizer needs (Scharf et al., 2002) . Once N is applied to the soil it is vulnerable to losses from denitrifi cation and leaching, as well as volatilization and surface run-off if not injected (Raun and Johnson, 1999) . When considering the potential benefi ts of late-season N applications, of prime interest are how the timing of N application impacts post-silking nitrogen accumulation (PostN) , and the relationships between PostN and grain yield.
Previous literature refl ects mixed results on the eff ects of the timing of sidedress N application. While Scharf et al. (2002) found no evidence of decreased grain yield when 100% of the N application was delayed until V11, Binder et al. (2000) reported a 12% reduction in maximum grain yield due to delaying sidedress application until V6 in a silty-clay soil. Similarly, Walsh et al. (2012) found a yield loss in six out of nine sites when sidedress was delayed until V10-VT. Th e latter authors attributed this yield decrease to irreversible yield loss due to early season N stress. Th ese studies indicate that a more feasible split-N application strategy would involve applying the majority of the N fertilizer early in the growing season and delaying a supplemental portion until the late-vegetative
Late-Split Nitrogen Applications Increased Maize Plant Nitrogen Recovery but not Yield under Moderate to High Nitrogen Rates aBStract
Th eoretically, N losses are reduced by synchronizing fertilizer additions with plant uptake requirements. We investigated the impacts of supplemental, late-season N applications on nitrogen fertilizer recovery effi ciency (NRE) , and N accumulation and partitioning in maize (Zea mays L.) at silking (R1) and physiological maturity (R6). Also tested was whether modern hybrids responded diff erently to split-N applications compared to hybrids released 20 yr ago. We compared 3 to 4 N rates ranging from 0 to 245 kg N ha -1 applied either in a single application at V3, or split with the last 45 kg N ha -1 delayed until V12, over 3 yr. Two newer hybrids (2012 and 2014) and two 1990 era hybrids (1991 and 1995) were compared at all N treatment combinations. Additional plant N accumulation following latesplit N applications was already apparent at R1, particularly in stems. Late-split N application increased both whole-plant R6 N accumulation and NRE through higher post-silking N uptake. However, these benefi ts were rarely accompanied by increased grain yields. We found little evidence of diff erential hybrid responses to N rate or timing treatments. Principal component analysis revealed that the most consistent predictor of high postsilking N uptake was lower N remobilization during grain-fi ll; these had a strong inverse relationship. Th erefore, gains from N management programs aiming to increase post-silking N uptake are most likely in environments where whole-plant N accumulation at R1 (and, consequently, potential N Abbreviations: ASI, anthesis-silking interval; DAP, days aft er planting; GDD, growing degree days; LAI, leaf area index; NIE, nitrogen internal use effi ciency; NRE, nitrogen fertilizer recovery effi ciency; NUE, nitrogen use effi ciency; PostDM, post-silking dry matter accumulation; PostN, post-silking nitrogen accumulation; R1EarN, R1 ear nitrogen content; R1LeafN, R1 leaf nitrogen content; RemobN, remobilized vegetative nitrogen; R1N, total R1 nitrogen content; R1StemN, R1 stem nitrogen content; YR1-2, 2014 and 2015 combined; YR3, 2016.
core ideas
• Late-split N applications at V12 increased total N uptake and N recovery effi ciency.
• Gains in N recovery with late-split N came from increased postsilking N uptake.
• Increased whole-plant N accumulation by R6 did not result in increased grain yields.
• Grain yield was not sensitive to in-season N timing in this singlelocation study.
• Newer (2012, 2014) and older (1993, 1995) hybrids respond similarly to late-split N.
growth stages. Delaying the major N fertilizer application for too long may reduce both yield and N fertilizer recovery (Jung et al., 1972; Subedi and Ma, 2005) . The efficiency of N fertilizer use in field crops is commonly quantified by reporting nitrogen use efficiency (NUE, grain yield per unit of N fertilizer accumulated above the amount of N supplied by the soil). Several researchers have noted that improving the synchrony between soil N availability to maize roots and crop N demand would increase NUE (Raun and Johnson, 1999; Cassman et al., 2002; Shanahan et al., 2008) and particularly the NRE (the percent of applied N fertilizer accumulated by maize plants). The NRE could be improved through altering the timing of N fertilizer applications to reduce losses and increase plant N uptake.
To improve the timeliness of N applications, it is crucial to understand when N is needed by the crop. Genotypic and environmental variations in the timing and partitioning of N accumulation in maize has been reported (Beauchamp et al., 1976; Moll et al., 1982; Ma and Dwyer, 1998) . The period of most rapid N accumulation occurs from V10 to V14 (DeBruin et al., 2017) . However, low soil N availability early in the growing season can delay the timing of maximum N accumulation rate (Russelle et al., 1983; Massignam et al., 2009) . Typically, modern hybrids accumulate about 65 to 70% of the total N content during vegetative growth and the remaining 30 to 35% after silking (Mueller and Vyn, 2016) .
In addition to genetic influences, the dynamics of N uptake and remobilization in maize is dependent on the timing of N application(s), and level of N stress in the plant (Subedi and Ma, 2005; Mueller and Vyn, 2016) . Several studies have shown using 15 N that the later in the growing season N is absorbed, the more likely it is to be partitioned to the grain (Weiland, 1989; Subedi and Ma, 2005; de Oliveira Silva et al., 2017) . The potential benefit of late-season N applications is dependent on the degree and pattern of N stress (Binder et al., 2000) . For example, delaying total N application until R3 resulted in grain yield reductions up to 65% of the maximum yield. In contrast, when half of the N was applied at planting and the second half delayed until R3, the resulting grain yield was 90% of the maximum (Binder et al., 2000) . Scharf et al. (2002) reported similar results finding that maize grain yield response to N exceeded 2.2 Mg ha -1 even when N applications were delayed until silking, but that yield was decreased compared to early N application timings. In contrast, in a greenhouse experiment where N was applied either continuously for the entire growing season, or N application was stopped after R1, Subedi and Ma (2005) found that grain yield was not lowered by the lack of further N application after R1 when N supply was non-limiting during the vegetative period.
Remobilization of nitrogen (RemobN) from the vegetative organs originates from both the stems and leaves. Using 15 N, Yang et al. (2016) found that RemobN played a greater role in meeting ear N demand during early grain filling and that PostN became more important during the later stages of grain development. There is a trade-off between RemobN and postsilking nitrogen uptake (PostN) (Rajcan and Tollenaar, 1999; He et al., 2004; Pommel et al., 2006; Ciampitti and Vyn, 2011; . It has been well documented that modern hybrids accumulate more PostN compared to older hybrids because of increased total plant N uptake and leaf stay green (Mi et al., 2003; Ciampitti and Vyn, 2012; Chen et al., 2015; Mueller and Vyn, 2016) . Delayed N remobilization may allow for increased duration of photosynthesis (key to post-silking dry matter accumulation) in the leaves during grain filling because Rubisco, along with other photosynthesisrelated proteins, represent a major source of RemobN (Masclaux-Daubresse et al., 2010) . However, there is still a large knowledge gap concerning the genotype, crop management, and environmental conditions under which supplemental, late-season N applications in maize could increase grain yield through increased PostN.
The objectives of this study were to: (i) determine the impact of late-split N application on N accumulation and partitioning at silking and at maturity, (ii) identify potential yield and plant NRE benefits of increased synchrony between soil N supply and crop N demand, (iii) understand the drivers of postsilking N uptake and the impact of late-split N application on N accumulation during the grain-filling period, and (iv) investigate if modern hybrids were more responsive to a late-split N application strategy compared to hybrids released 20-yr ago.
Material and MethodS experimental Management and design
A 3-yr study was performed from 2014 to 2016 at the Pinney-Purdue Agriculture Center near Wanatah, IN (41.438, .925) on a Tracy sandy loam soil (coarse-loamy, mixed, mesic Ultic Hapludalf). This soil type is representative of many areas in northern Indiana although it is not a dominant soil type throughout most of the state. Average soil organic matter to 20-cm depth at this experimental site was 17 g kg -1 and average pH was 6.3. Organic matter was determined by loss on ignition and pH was measured in a 1:1 slurry of soil and water. Available P and exchangeable K, as determined by Mehlich-3 extraction, were well above critical levels ranging from 25 to 83 mg kg -1 and 100 to 213 mg kg -1 for P and K, respectively. All soil nutrient analysis was conducted by a commercial laboratory (A&L Great Lakes Laboratories, Fort Wayne, IN).
The rain-fed plots were arranged in a split-plot design with 6 to 8 N rate/timing combinations as the main plot and four hybrids as the subplot. There were six replications. In 2014 and 2015 N rates included 0, 155, 200, or 245 kg N ha -1 either applied in a single application at V3-V4 or with the last 45 kg N ha -1 being delayed until V12-V14. In 2016, an additional single N rate of 110 kg N ha -1 was added. Fertilizer N treatments are further clarified in Table 1 . These N rates were chosen to include rates both below and above the agronomic optimum N rate of 222 kg N ha -1 for sandy soils in northern Indiana as determined by maize yield response trails conducted since 2006 (Camberato and Nielsen, 2017 [Tefluthrin, (2, 3, 5, methyl-(1a,3a)-(Z)-3-(2 chloro-3,3,3-trifluror-1-propenyl)-2,2-dimethylcyclopropanecarboxylate] was applied at planting to all hybrids to protect against corn rootworm.
Experiments were planted on 8 May in 2014, 7 May in 2015 and 26 April in 2016. The primary N applications were made on 29 May (21 DAP), 4 June (28 DAP), and 6 June (41 DAP) in 2014, 2015, and 2016, respectively. Primary N applications were made near V3 in all years; however, the time interval between planting and primary N application was longer in YR3 due to delayed emergence resulting from cool, wet conditions following this season's earlier planting date. Supplemental N applications at approximately V12 were conducted on 3 July (56 DAP), 11 July (65 DAP), and 8 July (73 DAP) in 2014, 2015, and 2016, respectively.
The experiment was conducted in a maize-soybean [Glycine max (L.) Merr.] rotation and the tillage system consisted of fall chisel plowing and spring secondary tillage. Plots were six rows wide (0.76 m rows) and 27 m long. Starter fertilizer (19-17-0) was applied at a rate of 28 kg ha -1 N and 24 kg ha -1 P 2 O 5 using the common placement of 5 cm to the side by 5 cm below the seed. Both V3 and V12 N applications were applied using 28% urea ammonium nitrate (UAN). The UAN applied at V3 sidedress was coulter-injected into soil between maize rows. The UAN applied at V12 sidedress was surface-banded either by hand (2014) In this experiment, all hybrids were planted at a common plant density of 8.25 plants m -2 . To assure that this "modern" plant population did not negatively impact the performance of the hybrids from the 1990s (3335 and 3394), in both 2015 and 2016, a complementary plant density experiment was conducted. In this split-plot experiment, all four hybrids (P1498HR, P1360HR, 3335, and 3394) were the main plot and four plant densities were the subplot. Plant populations were 5.5, 6.5, 7.5, and 8.5 plants m -2 with four replications. This experiment was located in the same field as the split-N application study in 2015 and in a nearby field in 2016. Management and fertility was consistent across experiments. Nitrogen was sidedressed at a rate of 200 kg N ha -1 at V3. This study confirmed that there was no hybrid × plant density interaction (Mueller and Vyn, unpublished data, 2017) for grain yield, thus reaffirming that the hybrids released in the 1990s were not adversely affected by the use of current-era plant density recommendations.
Canopy, Biomass, and Nitrogen accumulation Measurements
Leaf area index (LAI, Li-Cor LAI 2200 Plant Canopy Analyzer) was measured throughout the growing season to monitor leaf expansion and senescence.
The anthesis-silking interval (ASI) and days from planting until 50% silking were measured by taking daily flowering notes on the same, pre-determined 20 plants in each plot. A plant was considered silked when silks on the apical ear had protruded at least 1 cm from the husk. A plant was considered at anthesis when at least 10 anthers had dehisced from the tassel. The ASI was then calculated as the difference in days between 50% anthesis and 50% silked.
Whole-plant biomass was sampled at R1 and R6 from three of the six reps each year. At R1, plants were partitioned into leaves (including husks), stems (including tassels), and ears. At R6, plants were partitioned into stover (including leaves, stems, and husks), kernels, and cobs in 2014. In 2015 and 2016, R6 stover was further separated into leaves and stems with the husks included with the leaves. At each biomass sampling, 10 consecutive, predetermined plants were removed by cutting off at ground level. Plants were partitioned, then dried at 60°C to a constant weight, weighed, ground to pass through a 1-mm sieve and analyzed for N using the combustion method as implemented in DeBruin et al. (2013) . All N analysis was conducted by DuPont Pioneer (Johnston, IA). Plots were harvested with a Kincaid (Haven, KS) two-row plot combine from the center two rows to determine grain yield at maturity. Remobilization was calculated to only account for remobilized N from the vegetative organs (stems and leaves) from R1 to R6, because the N present in the grain vs. the cob at R1 could not be separated.
At maturity kernel number per plant and 200 kernel weight were measured. For these measurements, 20 consecutive ears were removed from each plot. Kernels per ear were counted and the weight of 200 kernels was recorded.
Remobilized N was calculated by the difference method as:
Nitrogen recovery efficiency was calculated as: 
Statistical Analysis
Statistical analyses of experimental data were conducted using SAS 9.3 (SAS Institute, 2012). Treatment factors of N rate and hybrid were treated as fixed effects and block was treated as a random effect. Data from the years 2014 and 2015 Table 1 . Nitrogen treatments used in 2014 Nitrogen treatments used in , 2015 Nitrogen treatments used in , and 2016 Nitrogen treatments used in (except those with † used in 2016 . All N was applied as 28% urea-ammonium nitrate (UAN).
Treatment
Application timing V3 V12 Total -------N rate, kg ha -1 ---- ---0  --0  110 †  110  -110  155  155  -155  155S †  110  45  155  200  200  -200  200S  155  45  200  245  245  -245  245S  200  45  245 (YR1-2) were combined because F tests based on mean square between the 2 yr had P (F > F 0 ) > 0.01 (Carmer et al., 1969) for the majority of the measured variables indicating homogeneity of variance across these 2 yr. Data from 2016 (YR3) could not be combined with the first 2 yr and therefore will be discussed separately. The whole unit error (Nrate × Block) was pooled with the sub-unit error (Hybrid × Nrate × Block) if the majority of F tests for this interaction had P (F > F 0 ) > 0.25. Analysis of variance was performed using PROC MIXED. Means separation was done using the LSmeans statement in SAS and differences were considered significant at a level of α = 0.05. There was little evidence of hybrid × N treatment interaction. In all years of this experiment, the P values for the F test of the hybrid × N treatment interactions were >0.05. Therefore, treatment means will be presented as the average of all four hybrids unless otherwise specified. A principal component analysis (PCA) was conducted in R using the FactoMineR package (R Development Core Team, 2014) to assess patterns or correlations among biomass and N accumulation variables. Principal component analysis was conducted for two environments (YR1-2 and YR3) and two levels of N treatment, 0N and non-0N (non-0N included six N treatments in YR1-2 and eight N treatments in YR3). Variable factor maps were created using the first two principal components obtained via the PCA. The correlation between two variables is represented by the cosine of the angle between them. Therefore, an acute angle implies positive correlation, an obtuse angle implies negative correlation, and a right angle denotes no correlation (Kroonenberg, 1995) . Pearson correlations are given where appropriate to quantify relationships between variables indicated as meaningful by the PCA. (Table 2) . Although higher levels of rainfall returned in YR3 at the onset of the critical period, irreversible yield potential loss had likely occurred due to early season moisture stress. This caused reductions in total biomass and N accumulation as well as grain yield in YR3. The 30-yr average cumulative precipitation during the typical maize growing season (1 May-15 September) at this site is 460 mm. Cumulative growing degree days (GDD) during the critical period was the lowest in 2014, while 2016 had the highest GDD during the grain-filling period.
r1 Biomass and nitrogen accumulation
Whole-plant biomass at R1 was generally unaffected by N rate or timing in either YR1-2 or YR3 with the exception of the 0N being significantly lower in YR1-2 (data not shown). However, total R1 N accumulation (R1N) responded positively to N rate (Fig. 1) primarily because of higher R1 stem nitrogen contents (R1StemN) with increasing N rates even though R1 leaf nitrogen content (R1LeafN) and R1 ear nitrogen content (R1EarN) remained stable across all non-0N N rates in YR1-2 and across all N rates in YR3. Year 3 R1 biomass and N accumulation was only 62 and 64%, respectively, of that achieved in YR1-2 (Tables 3 and 4) due to early season drought. It should be noted that the very early season N requirements were likely met by the starter N application of 28 kg N ha -1 . Greater R1 N stress at lower N rates is more likely to occur when no starter fertilizer is applied.
In YR1-2, the split N applications achieved the same R1StemN content as the same N rate in a single application (Fig. 1) This supports our finding that the stem is a strong sink for N accumulated shortly before R1. In YR3, the same pattern in R1StemN responses held true. However, there was no difference in R1StemN between the two lowest non-0N rates of 110 vs. either 155 or 155S. In YR3 the supplemental N application was made 12 d prior to the R1 biomass harvest. Increased precipitation after the split N application allowed the newly applied N fertilizer to be available to the plants and to be accumulated.
The increase in R1StemN content with N availability, while R1LeafN and R1EarN remained stable (Fig. 1) , highlights the stem's role as an organ for storage of reduced N. The lack of N treatment effects on R1Leaf N or R1EarN throughout this experiment (except for 0N in YR1-2) demonstrates how highly conserved the N status of these plant organs is compared to the stem. Other research has shown that under N deficient conditions (such as was observed in the vegetative stages of YR3) more N was allocated to the leaves than in N sufficient conditions, again demonstrating the conservation of leaf N (Ning et al., 2017) .
Among hybrids in YR1-2, P1360HR was significantly higher in leaf dry weight (Table 3 ). The modern hybrids were also significantly higher in R1LeafN while the older hybrids were higher in R1StemN (Table 4) which is consistent with previous research finding older hybrids to have a higher stem to leaf ratio at R1 (Chen et al., 2015) .
Ear dry weight at R1 was not impacted by N treatments in either YR1-2 or YR3 (data not shown). Similarly, ear N content (R1EarN) was lowered only by the 0N treatment and only in YR 1-2. Year 3 ear dry matter at R1 (averaged over all N rates) was only 25% of YR1-2 (1.1 g plant -1 compared to 4.4 g plant -1 ). Minimum ear dry weights for silk extrusion are between 0.7 and 1.2 g plant -1 (Borrás et al., 2007; Cooper et al., 2014) . The fourfold difference due to year in this experiment is attributable to both drought stress (Lejeune and Bernier, 1996) and the timing of R1 biomass harvest in relation to the true 50% silking date. In YR1-2 R1 biomass was collected 5 d after 50% silk emergence was reached due to labor constraints on biomass collection, while in YR3 biomass harvest and the average R1 date occurred on the same day.
Ear N content at R1 was affected by hybrid (Table 4 ). In both YR1-2 and YR3, 3394 had the highest R1EarN while P1360HR had the lowest. These hybrid trends in R1EarN appear to be primarily the result of silking date since 3394 reached 50% silking 2 d earlier than P1360HR in YR1-2 and 3 d earlier than P1360HR in YR3. In YR1-2 there was no moisture-related flowering stress and average ASI was -0.3 d, Table 3 . Hybrid effects on biomass accumulation (kg ha -1 ) for each plant organ at R1 and at R6 in YR1-2 (2014 and 2015 ) and YR3 (2016 . Within a year Lsmeans assigned different letters are different at P < 0.05. Means represent the average of 6 (YR1-2) or 8 (YR3) N treatments.
Hybrid 
-------------------------kg ha -1 --------------------------

r6 Biomass and nitrogen accumulation
In both YR1-2 and YR3, R6 total biomass was only significantly lowered at the 0N rate (data not shown) while total N accumulation at R6 (R6N) was affected by N treatments (Fig. 2) . In YR1-2 R6N was numerically the highest at the 200S and 245 rates (Fig. 2) . Total R6N was increased 18 kg N ha -1 using the split N application at the moderate N rate of 200, but was decreased by 14 kg N ha -1 at the high N rate of 245. The higher total N accumulations with 200S and 245 was the result of increased grain N. The 245S treatment achieved the same stover N content as the 200S and 245 despite being significantly lower in grain N. Cob N content was the lowest in the 0N followed by 155, and all other N treatments were not significantly different from each other (Fig. 2) . In YR1-2, nitrogen harvest index (NHI, percent of total R6 N present in the grain) was highest at the 155 N rate (Table 5) . Split N applications did not improve NHI at either the 200 or 245 N rates.
In YR3, total R6 N accumulations were lowest in the 0N and 110 rates, and the N rates from 155 to 245 kg N ha -1 were only significantly different from each other when the split N application strategy was used (Fig. 2) . When the last 45 kg N ha -1 was delayed until V12, both grain N and stover N increased with increasing N rate and the split N treatments accumulated more N than the same rate applied in a single N application. The split N applications of 155S, 200S, and 245S accumulated 14, 30, and 38 kg N ha -1 more R6N, respectively, compared to the same rate in a single N application. Cob N was only significantly lower at the 0N rate.
Hybrid treatment differences in R6 total plant biomass and N accumulation were minimal. There were no differences in stover dry weight or stover N content among hybrids in YR1-2 or YR3 (Tables 3 and 4 ). Grain N, and therefore NHI, was significantly lower in 3394 relative to all other hybrids in YR1-2, while both 3394 and P1360HR were lower than P1498HR and 3335 in YR3 (Tables 4 and 5 ). In a recent study, Woli et al. (2017) found that hybrids representing the 2000 era accumulated much more N by R6 compared to hybrids released in the 1990 era and the authors concluded that the increased N content over time was primarily driven by higher dry matter accumulation in the 2000 era hybrids compared to older hybrids. An important consideration in that study, however, is that each hybrid era was planted at a different plant population to reflect current practices in that era. The current study found less consistent differences among hybrid eras for both biomass and N accumulation (Tables 3 and 4) , perhaps due in part to the consistent plant density used across all hybrids. Supporting this conclusion, Chen et al. (2016) compared eight hybrids released from 1967 to 2005 at three plant densities (5.4, 7.9, and 10.4 plants m -2 ) and found grain yield and R6 dry matter increased in modern hybrids across all plant densities without a significant hybrid × plant density interaction. Post-Silking nitrogen accumulation The consequences of split N treatments on PostN varied with year and total N rate. In YR1-2 the moderate N rate of 200S achieved greater PostN compared to 200 (14.8 kg N ha -1 more than 200 in a single application, Fig. 3) but 200S was not different from 245. In contrast, PostN at the high N rate of 245S was not significantly different from the 155 or 0N treatments and was much lower than the 245 in a single, early N application (16.8 kg N ha -1 ). Because 245S had the highest plant N status at R1, the low PostN may be indicative of the crop preferentially using RemobN for grain filling when very high N accumulation was possible during the vegetative growth. A cross-species review suggested that pre-flowering N is preferentially used for grain development (MasclauxDaubresse et al., 2008) . Clearly, in YR1-2 the super-optimum rate of 245S treatment did not accumulate or benefit from the supplemental 45 kg N ha -1 applied at V12.
Post-silking N accumulation accounted for 39% of the R6N in YR3 compared to just 22% in YR1-2 (Fig. 3) . Vegetative N accumulation in YR3 was suppressed because low soil moisture, due to low precipitation, inhibits N absorption by the roots (Bennett et al., 1989) . However, since rainfall returned to near-normal levels coincident with the application of the supplemental N (Table 2) , the newly applied N fertilizer was available for uptake and resulted in high PostN. Year 3 PostN was numerically greatest under split N applications (155S, 200S, and 245S treatments accumulated 9.0, 17.0, and 26.9 kg N ha -1 more than their single N application counterparts, respectively), although the only significant increase was at the highest N rate of 245S compared to 245 (Fig. 3) . In YR3 the single timing N applications resulted in less PostN as total N rate increased.
Despite the large differences in PostN between YR1-2 and YR3, similar proportions of the N present in the vegetative tissue at R1 was remobilized by maturity (52 and 46% in YR1-2 and YR3, respectively, when averaged over non-0 N treatments). This remobilization of vegetative N is somewhat lower than the 54 to 60% reported by Chen et al. (2015) and Ning et al. (2017) . Although there was no significant N treatment effect on the relative contribution of PostN to grain N in either year, PostN accounted for a much lower fraction of grain N in YR1-2 (34%) than in YR3 (61%). This highlights the increased importance of PostN when R1N accumulation has been reduced due to environmental factors.
Hybrid differences in PostN were only significant in YR3, when P1498HR and 3335 achieved the highest PostN (Table  4) . These two hybrids were also the highest in grain N, but the same as the other two hybrids in stover N. This indicates that the increased PostN was primarily allocated to the grain. The increase in grain N in P1498HR and 3335 resulted in significantly higher NHI (68.0 and 65.4%) compared to P1360HR and 3394 (62.8 and 62.6%, Table 5 ). However, the contribution of PostN to grain N (as calculated by the difference method) was not significantly different among hybrids in either YR1-2 or YR3.
The two modern hybrids had greater net RemobN compared to the older hybrids in YR1-2 (Table 4 ). This contrasts with prior research findings that modern hybrids are usually higher in post-silking N uptake and remobilize less of their R1N (Mi et al., 2003; He et al., 2004; Pommel et al., 2006) . However, this pattern is likely the result of the modern hybrids having greater leaf N content at R1 because leaves represent the largest pool of N for remobilization (Masclaux-Daubresse et al., 2010; Chen et al., 2015) . No differences among hybrids were detected in RemobN in YR3. This was likely due to the overall reduction in R1N, and therefore potential RemobN, from early season drought stress (Table 4) .
grain yield and yield components
Grain yield reductions with the 0N rate relative to all treatments with sidedress N were 39% in YR1-2 and 31% in YR3 (Table 5 ). Despite differences in R6N, there were generally no yield differences among treatments with sidedress N and no yield advantage for the late-split timing except in YR3, when grain yield under 200S was 10% higher than 200 kg N ha -1 in a single N application. However, this positive result should be viewed with caution due to the lack of difference in grain yields between the lowest non-0N rate (110) and the highest N rate (245). This may indicate that spatial variability in soil moisture (exacerbated by drought) had a greater impact on grain yield than N treatment.
Kernel number per plant and kernel weight were mostly no higher in the split N treatments than in their comparable single-application N rate treatments (Table 5 ). In YR1-2, kernel number per plant showed the same pattern as grain yield and was only reduced with the 0N control. However, 200 kernel weight was significantly higher under 200S compared to 245S (54.6 and 51.8 g, respectively) while the 0N was the lowest (42.0 g). In YR3, 200S achieved a significantly higher kernel number per plant compared to the single application of 200 kg N ha -1 (468 kernels compared to 393 plant -1 ) indicating that increased kernel number was the reason for the grain yield advantage at this N rate. The 200 kernel weight among the non-0N treatments was only significantly increased at 245S compared to 110 (54.8 and 51.4 g, respectively) . Drought stress during vegetative growth in YR3 reduced the overall average grain yield to 75% of what was achieved in YR1-2 and nearly all of this reduction can be attributed to lower kernel number (which was reduced to 74% of YR1-2 levels). However, 200 kernel weight was slightly higher in YR3 at 52.0 g compared to 51.2 g in YR1-2, likely as the result of the compensation between kernel number and kernel weight.
A positive yield response to late-split N application timing may be more likely when most of the intended N rate is applied earlier than the sidedress application employed in this experiment. For example, N applied either pre-plant or the previous fall would increase the likelihood of soil N loss due to leaching or denitrification. When N is non-limiting, supplemental N applications at moderate N rates may increase total N accumulation in maize plants by maturity, but this does not necessarily translate to an increase in grain yield. Ning et al. (2017) and Binder et al. (2000) also found a lack of maize yield response to in-season N applications when maize was already N sufficient. The inability of N uptake after the return of normal precipitation levels in YR3 to offset yield losses agrees with the conclusions of Walsh et al. (2012) that later supplemental N applications cannot overcome severe early season N stress.
The modern hybrids yielded about 2000 and 900 kg ha -1 more than the older hybrids in YR1-2 and YR3, respectively (Table 5 ). The higher grain yields were due to an increase in kernel number in the modern hybrids despite the older hybrids being significantly higher in kernel weight. This response is consistent with previous research (Echarte et al., 2004; D'Andrea et al., 2008) although some literature has reported higher kernel weight in modern hybrids compared to older hybrids (Chen et al., 2017) .
Nitrogen Recovery Efficiency
Despite the lack of yield response to split N applications, the timing of N application did influence NRE which may have economic and environmental advantages. Of the NUE parameters, the one most likely to benefit from more timely N application is NRE. It has been proposed that under high N supply conditions, NRE is more responsible for variation in NUE than N internal use efficiency (grain yield per unit N accumulation) (Moll et al., 1982; Ma and Dwyer, 1998) . In YR1-2, NRE was increased from 59 to 68% at the 200 N rate when the split application was compared to a single N application (Fig. 4) . As expected, 245S did not follow this pattern and was the lowest in NRE (51%).
The lower overall N accumulation in YR3 reduced NRE, but for all N rates there was an NRE advantage in the split vs. single N application. The split N treatments achieved the same NRE as the lowest N rate (110). The increase in NRE under split N applications was due to the much higher PostN that led to higher overall N accumulation ( Fig. 3 and 4) . This resulted in 155S, 200S, and 245S being 9.4, 14.7, and 15.3% points higher in NRE compared to the same N rates applied in a single application, respectively.
Late-split N application improved NRE in each instance except 245S in YR1-2. Because there was no difference between split and single N applications in R1N in either YR1-2 or YR3, the improvement of NRE through higher R6N was the result of increased PostN. If more timely N applications can ensure higher NRE and reduced N fertilizer losses, less total N could be applied to produce the same level of maize grain yield while simultaneously reducing residual N losses to the environment.
There was no relationship between the hybrid year of release and NRE (data not shown). Hybrids P1498HR and 3335 achieved the highest NRE in YR1-2 due to having the greatest R6N accumulation. There were no hybrid differences in NRE in YR3.
Understanding the Factors that Influence
Post-Silking nitrogen uptake
In this study, it was observed that when late-split N applications improved PostN there was also an increase in NRE which has the potential to increase the environmental sustainability of maize production by reducing N fertilizer losses. Therefore, it is of interest to ascertain the drivers of PostN and to be able to predict the environmental circumstances that may increase the likelihood of response to split N applications. Principal component analysis is a useful tool to visualize what measured crop parameters at R1 and R6 are correlated with PostN.
Of the 57 phenotypic variables originally considered for PCA, 18 were chosen in the non-0N group as both predictive and physiologically meaningful while avoiding variables which were redundant. In the 0N group, NRE was not included because it cannot be calculated for 0N treatments, thus resulting in 17 variables in the PCA for 0N.
In the non-0N treatments (Fig. 5a , 5b) post-silking N accumulation was generally poorly correlated with either R1 or R6 biomass or N accumulation measurements, and was most correlated to post-silking dry matter accumulation (PostDM, r = 0.6 in both YR1-2 and YR3), as expected. More consistently, PostN had a strong inverse relationship with RemobN as indicated by their respective vectors pointing in opposite directions (r = -0.72 and -0.66 in YR1-2 and YR3, respectively). As anticipated, RemobN was most closely related to R1N (r = 0.73 and 0.80 in YR1-2 and YR3, respectively) and R1 biomass measurements (r = 0.58 and 0.77 in YR1-2 and YR3, respectively) thus confirming the findings of . Among the components of R1N, R1LeafN was the most correlated to total N, and therefore to RemobN, relative to either R1StemN or R1EarN in the non-0N treatments (Fig. 5a, 5b) . This is likely due to the leaves representing a much larger pool of stored reduced N (Table 4 ) (Masclaux-Daubresse et al., 2010; Chen et al., 2015) .
Under 0N (Fig. 5c, 5d ), PostN was more correlated to grain N content than to PostDM (r = 0.90 compared to 0.69 in YR1-2 and r = 0.83 compared to 0.64 in YR3), thus demonstrating (as was observed in the non-0N level) the increased dependency of grain N on N accumulated during the grain-filling period under severe N stress. Another interesting difference between the 0N and non-0N plots was seen in the ASI. While ASI was not an important variable at the non-0N level, it was negatively related to all N and biomass variables at both R1 and R6 at the 0N level. This may be indicative of the negative impact of N stress on silk elongation ASI (Lemcoff and Loomis, 1994) .
The PCA analysis reveals that the greatest predictor of high PostN is low RemobN, and that RemobN is most strongly related to R1N and R1 biomass. This indicates that we are most likely to realize a positive response to late-split N applications which can increase PostN when the pool of potential RemobN is limited due to reduced N accumulation during the vegetative growth. This could be due to environment, such as was experienced in YR3, or to the use of limiting N rates. The latter suggests that maize responses to N regimens intended to increase grain yield or NRE through increased PostN are likely to be inconsistent because PostN is highly influenced by the environment.
concluSionS
The present research found that supplemental, split N applications increased R6N and NRE through increased postsilking uptake under moderate N rates or when N accumulation was limited during the vegetative growth. However, at the N rates used in this experiment (in a single environment over 3 yr) we failed to find consistent evidence of greater R6N resulting in increased grain yield. This is likely due to the overall low response to non-0N rates regardless of the timing of N application. We have shown strong evidence that maize grain yield is not sensitive to the timing of supplemental N applications when plant-available N is non-limiting. However, the potential to increase NRE still holds value in the interest of reducing residual N loss to the environment during and after the growing season. Treatments followed by 'S' indicate the last 45 kg N ha -1 was delayed until V12. ASI, anthesis-silking interval; R1N, total R1 nitrogen content, kg ha -1 ; R1EarN/R1StemN/ R1LeafN, ear/stem/leaf R1 nitrogen content, kg ha -1 ; R1Dw, total R1 dry weight, kg ha -1 ; RemobN, remobilized nitrogen, kg ha -1 ; PostN, post-silking nitrogen uptake, kg ha -1 ; PostDM, post-silking dry matter accumulation, kg ha -1 ; R6N, total R6 nitrogen content, kg ha -1 ; GrainN/StovN, grain/stover R6 nitrogen content, kg ha -1 ; R6Dw, total R6 dry weight, kg ha -1 ; GrainDw/StovDw, grain/stover R6 dry weight, kg ha -1 ; KN, kernel number plant -1 ; KW, 200 kernel weight, g.
Principal component analysis revealed that PostN had a strong inverse relationship with RemobN and, therefore, fertilizer programs aimed at increasing PostN are most likely to see a positive response when R1N attainment is constrained and when potentially available RemobN is reduced. Finally, although modern hybrids consistently out-yielded older hybrids, we found little evidence of differences among hybrids in responses to N rate or timing treatments for grain yield, final R6 biomass accumulation, or R6 N content. This may be due to the 20-yr separation in release date for this specific set of genotypes not being long enough to detect such differences. Future research should focus on the potential to maintain grain yield with lower N rates by using split N applications to exploit NRE gains. 
